The goal of this project is to develop an efficient energy scavenger for converting ambient low-frequency vibrations into electrical power. In order to achieve this a novel inertial micro power generator architecture has been developed that utilizes the bi-stable motion of a mechanical mass to convert a broad range of low-frequency (<30Hz), and large-deflection (>250µm) ambient vibrations into high-frequency electrical output energy. The generator incorporates a bi-stable mechanical structure to initiate high-frequency mechanical oscillations in an electromagnetic scavenger. This frequency up-conversion technique enhances the electromechanical coupling and increases the generated power. This architecture is called the Parametric Frequency Increased Generator (PFIG). Three generations of the device have been fabricated. It was first demonstrated using a larger bench-top prototype that had a functional volume of 3.7cm3. It generated a peak power of 558µW and an average power of 39.5µW at an input acceleration of 1g applied at 10 Hz. The performance of this device has still not been matched by any other reported work. It yielded the best power density and efficiency for any scavenger operating from low-frequency (<10Hz) vibrations. A second-generation device was then fabricated. It generated a peak power of 288W and an average power of 5.8W from an input acceleration of 9.8m/s 2 at 10Hz. The device operates over a frequency range of 20Hz. The internal volume of the generator is 2.1cm 3 (3.7cm 3 including casing), half of a standard AA battery. Lastly, a piezoelectric version of the PFIG is currently being developed. This device clearly demonstrates one of the key features of the PFIG architecture, namely that it is suitable for MEMS integration, more so than resonant generators, by incorporating a brittle bulk piezoelectric ceramic. This is the first micro-scale piezoelectric generator capable of <10Hz operation. The fabricated device currently generates a peak power of 25.9W and an average power of 1.21W from an input acceleration of 9.8m/sat 10Hz. The device operates over a frequency range of 23Hz. The internal volume of the generator is 1.2cm 3 . 4
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Introduction
In today's world of ever increasing ambient intelligence, a number of benefits can be realized by meeting the energy demands of these microelectronic systems by scavenging energy from their surroundings. Eliminating maintenance and battery replacement enables many long-lifetime applications both technically, and from the standpoint of cost. One of the most abundant energy sources is ambient motion, and over the past few years a great deal of research has gone into developing ways to use it effectively. A vast majority of this research has been aimed at utilizing resonant systems to scavenge high frequency periodic vibrations from machines or other man made sources. However, little attention has been devoted to developing efficient methods to scavenge energy from low-frequency non-periodic motion. This is important in applications such as wearable and implantable devices, environmental monitoring, agricultural applications, and security and military uses.
Motivation and Design
A typical inertial power generator employs a mass suspended within a frame that performs work against a damping transduction force as it moves relative to the frame. This type of generator performs optimally when operated at its resonant frequency. However, two problems prevent this approach from being applied to low-frequency vibrations: 1) as the frequency drops so does the expected power density, and 2) most low-frequency vibrations are caused by environmental sources and are not periodic. One of the two factors contributing to the decrease in power density and efficiency associated with low-frequency vibrations is the increase in the required spatial displacement (and thus volume) of the generator. Resonant generators need to have an internal displacement greater than the external vibration amplitude. Secondly, velocity damped generators, which include electromagnetic and piezoelectric devices, will produce a weaker damping force. In other words, they will have weaker electromechanical coupling, as the frequency (and velocity) drops. Since the electrical damping force is proportional to velocity, it is advantageous to implement a mechanical conversion such that the internal resonant frequency of the generator is increased over the input frequency. The damping force is thereby scaled proportionately. The frequency up-conversion principle is illustrated in Figure 2 . from FIG 2. b ) Measured frequency response of the Gen 1 PFIG generator. The cutoff frequency is determined by the inertial mass/spring suspension natural frequency. By altering the suspension stiffness the bandwidth can be increased to a suitable value. Input acceleration is 1g at 10 Hz.
A performance comparison of the Gen 1 and Gen 2 devices is shown in Table 1 , comparing them to all previously reported efforts in the frequency span of <10Hz. The two PFIG generations define the state-of-the-art in scavenging low-frequency vibrations. Current efforts are underway to improve their performance and further integrate these devices. 
Conclusion
A novel inertial micro power scavenger architecture was developed in order to enable the effective scavenging of low-frequency non-periodic vibrations such as those appearing in the environment, human motion, and others. It utilizes the bi-stable motion of a mechanical mass to couple mechanical energy into one of two transducers, which convert it into electrical power.
This project had as its aim to enhance the state-of-the-art in low-frequency, high-bandwidth vibration scavenging. This was achieved by implementing the PFIG generator architecture in three different micro power generators, each one enhancing certain aspects of the previous one, with the most recent version occupying a little over 1cm 3 , and opening the door to future integration.
